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We created an automated bioassay system based on inkjet printing. Compared to conventional manual bacterial culture systems
our printing approach improves the quality as well as the processing speed. A hydrophobic/hydrophilic pattern as a container
supporting a culture medium was built on filter paper using a toluene solution of polystyrene for hydrophobization, followed by
toluene printing to create several hydrophilic areas. As culture media we used a novel poly(vinyl alcohol) based hydrogel and a
standard calcium alginate hydrogel. The poly(vinyl alcohol) hydrogel was formed by physical crosslinking poly(vinyl alcohol) with
adipic acid dihydrazide solutions. The conditions of poly(vinyl alcohol) gelation were optimized for inkjet printability and the
optimummixture ratio was determined. The calcium alginate hydrogel was formed by chemical reaction between sodium alginate
and CaCl
2
solutions. Together with nutrients both hydrogel solutions were successfully printed on paper by means of the modified
inkjet printer. The amount of each solution was demanded simply by outputting CMYK values. In the last step bacterial cells were
printed on both hydrogel media. For both media we achieved a stable bacteria growth which was confirmed by microscopical
imaging of the developed bacterial colonies.
1. Introduction
Inkjet-based bioprinting becomes increasingly important for
scientific and industrial use related to bio- and biomedical
applications. One of its main advantages is that it combines
resource saving with noncontact processing attained by the
drop on demand (DOD) system [1]. The possibility of accu-
rately dispensing very small quantities of fluids on substrates
made it a versatile tool for a broad range of applications
such as 3D printing of microscopic bacterial communities
using a laser-based lithographic technique [2], heterogeneous
tissue construction [3], protein and cell printing [4], organ 3D
printing design [5–7], tissue engineering and development
[8, 9], cell molecular self-assembly [10], DNA [11–13], hybrid
cells [14], and membranes [15]. Moreover, the hazards caused
by careless handling of pathogenic bacteria can beminimized
by inkjet printing, as it is possible to dispense the minimum
required amount of a bacterial suspension.
In this study, two different types of commercial inkjet
printers were used as dispensing devices in a comprehensive
bacterial culture system. Conventionally, bacterial culture
systems utilize agarose gels containing nutrients as the
medium. Agarose is a galactan formed by linking approxi-
mately 500 agarobioses consisting of d-galactose and 3,6-
anhydro-l-galactopyranose linked by 𝛼-(1→ 3) and 𝛽-(1→
4) glycosidic bonds. In a previous study [16], we utilized an
inkjet printer to dispense both agarose medium and a bacte-
rial suspension on a paper substrate, with the goal of creat-
ing stable patterns and dispensing accurate amounts of
bacterial cells. Although being in principle suitable for print-
ing agarose-based gels suffer from two major drawbacks.
Common agarose solution has very high viscosity and as
agarose contains long chains of polysaccharides and solidifies
after cooling, the temperature must be maintained higher
than 37∘C to prevent gelling inside the printing system. Both
make it unsuitable for smooth ejection from the head nozzles
of the inkjet printer. Therefore, agarose was hydrolyzed by
using sulfuric acid to reduce the degree of polymerization.
After hydrolysis, the agarose became acidic and was thought
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Figure 1: Formation of a PVA hydrogel network based on intermolecular hydrogen bonding.
to inhibit bacterial growth. To avoid this problem, the pHwas
adjusted to neutral using sodium hydroxide, and the hydro-
lyzed agarose was successfully ejected by the inkjet printer.
However, the hydrolysis processes took a long time, and the
viscosity adjustment required precise control. To overcome
this shortcomings we introduce in this work two culture
media, poly(vinyl alcohol) (PVA) hydrogel and calcium
alginate (CA) hydrogel, as alternative to agarose. Both are
shown to be very well suited for printing, allowing smoother
and more efficient operation of the culture system.
Hydrogels are formed by cross-linking polymer chains
through physical, ionic, or covalent interactions and are
well known for their ability to absorb water [17–19]. They
are widely used for various pharmaceutical and biomedical
applications [20–23].
PVA is a polymer that can be used to formhydrogels. PVA
can be cross-linked with many types of cross-linking agents
[24]. In this study, adipic acid dihydrazide (ADH) was mixed
with PVA as a cross-linking agent to produce PVA hydrogels.
The PVA hydrogel is classified as a reversible or physical
gel. PVA hydrogel networks are held together by hydrogen
bonding as shown in Figure 1.
In physically cross-linked gels, dissolution is prevented
by physical interactions between different polymer chains
[25]. All such physical interactions are reversible and can be
disrupted by changes in physical conditions or by application
of stress [26]. We observed that PVA hydrogel reverted to a
PVA/ADHmixture solution after several days under ambient
conditions.The gelation behavior of a PVA hydrogel depends
on the concentration of PVA, the ratio of PVA and ADH in
the mixture, and the mixing intensity; all of these parameters
are closely related to the ejection from an inkjet printer.
Alginic acid or alginate, which is an anionic polysac-
charide consisting of homopolymeric blocks of 𝛽-D-mannu-
ronate and 𝛼-L-guluronate residues derived from cell walls
of brown algae, forms a gel in the presence of calcium and
dissolves to a solution upon addition of a calcium chelating
agent.
Calcium ions as a crosslinking agent diffuse from a bulk
solution into flocculated sodium alginate (SA) [27]. The
hydrogel forms by chemical reaction; the calcium ions dis-
place sodium ions from the alginate, holding the long algin-
ate molecules together such that a gel formed (Figure 2).
Unlike agarose, the PVA/ADH mixture and the SA/CaCl
2
components remain under ambient condition long enough
in a solution state to be processed by printing. Several studies
pointed out the benefits of sodium alginate to bacterial cells
and tissue culture, such as increasing the survival of bacteria
[28], enhancing the bacterial yield [29], and proliferation
[30].
In this research, PVA and CA hydrogels were used as the
culture media and printed on paper by using inkjet printer.
Subsequently, properties of PVA and CA hydrogels were
compared in terms of the operation performance and the
applicability of those gels was evaluated as culture media on
paper.
2. Materials and Methods
2.1. Preparation of Paper Substrates. Because conventional
filter paper is too water absorbent to hold a PVA hydrogel
solution near the surface firmly, it is necessary to locally
increase the hydrophobization of the paper substrate. In a
previous work, we introduced a method to modify paper
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Figure 2: Reaction of SA and CaCl
2
.
to form hydrophobic and hydrophilic areas on the same
substrate by using polystyrene (PS) and toluene [16].Thefilter
paper was soaked in a 3.0 wt% toluene solution of PS for
1 h and then allowed to dry at room temperature for 15min
to hydrophobize the entire filter paper. Squares (10mm ×
10mm) were etched to make hydrophilic areas by printing
toluene with 3 head nozzles of the SCS inkjet printer as
referred to hereinafter and overprinting the area twice for
the best organized patterns with distinctive borders. Finally,
hydrophilicity was tested by dropping 2𝜇L of water on the
etched areas, and until the time required for the water drop to
penetrate and disappear from the surface reaches about 10 s,
the degree of etching was adjusted.
2.2. Preparation of PVA Hydrogel Ink. First, PVA hydrogels
were prepared by mixing PVA (Gohzenol Z-100, Nippon
Gohsei, Japan) and ADH (Adipic acid dihydrazide, Nippon
Kasei Chemical, Co., Ltd., Japan) solutions at several con-
centrations and a variety of different mixture ratios. The
viscosities of the PVA solutions were then examined with a
glass capillary viscometer (Cannon-Fenske type) in a water
bath (Kinematic Viscosity Bath TV-5s, Japan) to evaluate the
suitability of the hydrogel for inkjet printing. In practical
printing, an ink cartridge is filled with a mixture of PVA and
ADH before gelling. Next, an ADH solution was poured into
a PVA solution, and the mixture was stirred for 5min.
We defined the gelation of PVA hydrogel by gel strength
(rigidity modulus). The gel strength was measured using a
rheometer (CR-500DX, Sun Scientific Co., Ltd, Japan) under
the following conditions: 60mm/min intrusion velocity with
a plunger having a pressure-sensing head of 10mm in diam-
eter and 10mm in full depth. The force sensed by the sensing
head was recorded over the full depth of 10mm and the result
was reported as the final force in N at 10mm in depth and
plotted on a ternary phase diagram. The rheometer was also
used to characterize the gelation time [25] by measuring the
gel strength every 5min starting from the initial preparation
of the mixture until a finite gel strength was observed. After
determination of the mixture ratio suitable for gel formation
(in terms of gel strength, as evaluated using the ternary phase
diagram), the gelation times of the PVA/ADHmixtures were
measured.
2.3. Ultraviolet (UV) Absorption Spectra of PVA Hydrogel.
The PVA/ADH mixture in a ratio of 4.5 : 0.5 : 95 (PVA :
ADH :H
2
O)was investigated by ultraviolet spectroscopy.The
investigated wavelength range was from 200 nm to 300 nm
with a step size of 20 nmusing anultraviolet spectrophotome-
ter (UV-3100PC, Shimadzu Scientific Instruments, Japan).
The PVA/ADH mixture was measured immediately, 1min,
10min, 15min, and 20min after mixing to monitor the tran-
sitional condition of PVA hydrogel formation with time. For
comparison, we also measured the UV absorption spectrum
of PVA solution and ADH solution (both at 0.05%).
2.4. Preparation of CA Hydrogel Ink. Usually, media are
prepared by mixing a SA solution, 0.05% (w/w) of CaCl
2
solution, 0.05 g/L of yeast extract solution, and 0.1 g/L of
bacto tryptone solution in required ratios, where the unit g/L
means a solute in g dissolved in 1 L of an aqueous solution.
The ratio was controlled based on the amount ejected from
each cartridge. However, the inkjet ejection performance is
mainly determined by the ink viscosity [16]. In particular,
SA solution has a higher viscosity than the other solutions
and its viscosity can be controlled by the SA concentration.
Therefore, the SA solutions at several concentrations (0.01%,
0.025%, 0.05%, and 0.1% (w/w)) were prepared and their
viscosities were measured with a glass capillary viscometer.
The gelation of CA hydrogel was formed by an irreversible
reaction. However, in order to provide CA hydrogel without
remaining initial substances, the ratio of SA and CaCl
2
solutions was examined by measuring pH values. In the
experiment, the pH values of SA andCaCl
2
solutionswere 8.0
and 7.0, respectively. After CA hydrogel was formed, the pH
value of a remaining solution was examined. Then the ratio
without remaining initial substances was adjusted.
2.5. Culture Media Printing. We used 2 different kinds of
inkjet printers as dispensing tools, namely, a single cartridge
system (SCS) (Dimatix DMP-2831, Fujifilm, Japan) and a
multicartridge system (MCS) (iP2000, Canon, Japan). Subse-
quently, the efficiency of the 2 systemswas compared in terms
of the compatibility with the hydrogel culture media and
length of time required for one complete printing operation.
2.5.1. SCS Printer. As the SCS printer allows setting only one
cartridge, all solutions were loaded into separate cartridges
and printed one by one, respectively. The methods for
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Single cartridge system (SCS) printer
Paper sample
Exchangeable cartridge
. . .
Figure 3: Medium printing by SCS printer sequence.
Figure 4: Modified printer with dummy paper.
the SCS printer are shown in Figure 3.The printing condition
was 40V in ejection voltage, 16 head nozzles in use, 50 𝜇m in
drop spacing, and at least 10 times overprinting.
2.5.2. MCS Printer. Overprinting is required in order to
obtain a culture medium with sufficient thickness. However,
reloading a paper sample with the culture medium already
printed was not successful because the printed media was
smeared by feeding rollers of the printer during printing.
Therefore, for continuous overprinting without paper reload-
ing, the printer was modified by perforation. After both the
upper and lower parts of the printer stage were perforated
so that a culture medium would be printed on a static paper
sample set on the far left side of the printing area while
dummy paper would be loaded onto the paper tray smoothly
as shown in Figure 4.
To load hydrogel medium materials, the sponge in the
ink cartridge was removed and the cartridge was washed
with distilled water. To sterilize the cartridge for subsequent
bacterial culture tests, the cartridgewas sprayedwith aqueous
ethanol (70%).
The MCS printer for color printing can be equipped with
up to 4 different cartridges loaded with 4 different kinds
of inks so that all solutions composing a hydrogel medium
could be printed at the same time. In addition, the ejected
amount of each solution was controlled by specifying CMYK
percentages. The photographs of the modified MCS printer
are shown in Figure 5.
2.6. Bacterial Culture. In our previous work [16], Escherichia
coli (E. coli) was tested as an example of bacteria for the
printability on a SCS printer. It could be printed successfully
and a high survival ratio was obtained. Therefore, in this
work, bacteria were taken randomly from a stationery surface
and isolated for pure culture by the streak plate technique.
Then, E. coli was recognized by the morphology of the bacte-
rial colonies. The concentration of the bacterial suspension
was diluted to an aqueous suspension of 2.7 × 107 colony-
forming units (CFU)/mL using the serial dilution method.
Then, 0.5mL of the diluted bacteria was mixed with 1mL of
glycerol and loaded into a cartridge of the SCS printer. First,
we printed 16 areas of PVA hydrogel and CA, respectively, on
a sheet of hydrophobic/hydrophilic paper. Next, the bacterial
suspension was printed on the top of the PVA hydrogel and
CA hydrogel media. In total, we prepared 5 sheets containing
16 areas of bacteria. After 24 h, the average number of grown
colonies per area was determined by optical microscopy. The
survival rate is defined as the proportion of the number
of bacterial growth areas to the total number of areas. In
the same way, the contamination rate was defined as the
proportion of the number of contaminated areas to the total
number of areas.
3. Results and Discussion
3.1. Characteristics and Optimization of PVA Hydrogel.
Figure 6 shows 2 examples of the force curves used to deter-
mine the gel strengths of the hydrogels. The sensed force
attained a maximum value at a depth of 10mm for every
curve. The gel strengths (maximum force values) are plotted
in the ternary phase diagram as shown in Figure 7 as a func-
tion of dry mass percentages of PVA and ADH, with water
content in percentage of the mixture. The ratios of the three
components comprising the gel were distributed as shown
in the shaded area in Figure 7. Some PVA/ADH mixtures
gelled by themselves and had various gel strengths. No force
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Figure 5: Processing of MCS printer and procedure of medium printing.
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Figure 6: Force curves of the cylindrical plunger sensor in intruding
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(practically less than 1N) was detected for the others (no
hydrogel formation identified). The gel strength depended
mainly on the dry mass percentages of PVA. However, when
the concentration of ADH exceeds 0.75% dry mass, gelation
was prevented for any ratio of PVA/ADH/H
2
O mixture.
Also the percentage of PVA was reduced to less than 4.50%;
hydrogel could not form. In contrast, 25% or more PVA
produced hydrogel without the addition of a cross-linking
agent and cannot be handled as an ink.
Increasing the dry mass percentages of PVA also affected
the gelation time, as shown in Figure 8. To identify the
optimal concentrations of PVA and ADH suitable for inkjet
75
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<1N
1N–10N
11N–20N
21N–30N
31N–40N
41N–50N
Figure 7: Ternary phase diagram of gel strength as a function of the
ratios of the 3 components composing PVA hydrogel and ratios of
gelation were observed in the shaded area.
printing, we examined all PVA/ADHmixtures in the shaded
area in the ternary phase diagram with respect to their
printing capabilities. The mixture has to be chosen such that
it gels as fast as possible on paper while also remaining stable
in solution long enough to be stored in the printer cartridge
during the preparation process. Consequently, we identified
4.5% dry mass PVA and 0.5% ADH as the best combination
with respect to printability and quality of the printed patterns.
Moreover, the determined optimal mixture also allowed the
moisture to be maintained for at least 2 days which was long
enough for the rapid bacterial culture system. It has to be
noted that even at PVA dry mass percentages higher than
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13.5%, the mixture gelled with an appropriate gelation time;
however, the viscosity was too high for inkjet printing.
Figure 9 shows the UV absorption spectra of the PVA
solution, ADH solution, and PVA/ADHmixtures. Four spec-
tra of the mixtures were measured at each stage of the tran-
sition from solution to full gelation for the identical sample.
Some studies have shown that hydrogen bonding can affect
UV absorption [31, 32]. In the UV spectra, a shoulder peak
appeared for the PVA/ADH mixture around 240 nm and
could be assigned to the hydrogel structure. The shoulder
peak height continued to increase with time, suggesting
continuous gelation. Between 15min and 20min in elapsed
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Figure 10: Viscosity of SA solutions at various concentrations.
time, the difference in the spectra was slight. This behavior is
likely to correspond to the approach to the complete gelation.
Although the curve of the ADH solution exhibited much
higher UV absorption in the shorter wavelength band than
PVA at the same concentration, there was no clear peak for
quantifying ADH independent of the hydrogel.
3.2. CA Hydrogel Medium. The viscosity of the sodium
alginate solutions was examined for an optimum viscosity
level for the printers. The determined dependence of the
viscosity on the concentration is shown in Figure 10.
3.3. Culture Media Printing. Media printing was tested by
printing all solutions using both the SCS andMCS printers to
evaluate the compatibility between the printers and solutions.
The result in Table 1 shows that the maximum concentration
which could be printed by the SCS printer is only 2.25% dry
mass of PVA in PVA/ADH mixture. For the multicartridge
MCS printer the range of printable mixture ratios is much
wider. By means of the MCS printer we could successfully
print 2.25%, 4.5%, and 9% dry mass of PVA in PVA/ADH
mixtures. We found that the SCS printer was not suitable
for PVA/ADH mixture printing. As previously described in
Characteristics and Optimization of PVA Hydrogel, 4.5%
dry mass PVA and 0.5% ADH with the MCS printer was
identified as the best combination. It combines adequately
low viscosity which ensures continuous ejection with no
clogging and a relatively large amount of PVA per droplet for
rapid gelling. Additionally, this mixture maintained stability
in the solution state long enough to be stored in an ink
cartridge.
RegardingCAhydrogel, the result in Table 1 shows that all
components could be printed by SCS andMCS printers. High
concentrations of SA solutions could not be printed by SCS.
Considering the viscosities of PVA and SA solutions, SCS is
likely to allow printing inks with viscosities of lower than 10
mPa⋅s. A 0.025% (w/v) of SA solution was chosen as the ink
for loading. Other solutions for making CA hydrogel were
Advances in Materials Science and Engineering 7
Figure 11: CA hydrogel on hydrophilic areas on hydrophilic/hydro-
phobic patterned paper.
Table 1: Printability and time required per sample of SCS and MCS
printers with sodium alginate (SA) solutions.
SCS MCS
Printability of solutions
PVA/ADH/H2O mixture
2.25 : 0.5 : 97.25 ✓ ✓
4.5 : 0.5 : 95 M ✓
9 : 0.5 : 90.5 M ✓
13.5 : 0.5 : 86 M M
18 : 0.5 : 81.5 M M
SA 0.01% ✓ ✓
SA 0.025% ✓ ✓
SA 0.05% M ✓
SA 0.1% M ✓
CaCl2 0.05% ✓ ✓
Bacto tryptone 0.1 g/L ✓ ✓
Yeast extract 0.05 g/L ✓ ✓
Time required per sample
Average (min) 120 40
Accuracy error (%) 0.00 0.44
✓: successfully printed; M: unable to eject.
found to be all printable. To adjust the mixture ratio of all the
components to follow the standard CAmedium composition
such as a suitable mass ratio of 5 : 6 (SA : CaCl
2
), the ejection
percentage of each color cartridge called CMYK forMCSwas
decided to be 50%of SA, 30%ofCaCl
2
, 15%of Bacto tryptone,
and 5% of yeast extract. The CA hydrogel media printed on a
filter paper substrate is shown in Figure 11.
Using a camera installed near the head nozzles we found
that the SCS printer has a high accuracy in the positioning
of the head nozzles which is important for overprinting the
solution on the paper. However, the MCS printer is less time
consuming because all solutions are printed at the same time
and, among others, the composition of all inks can be altered
very easily by changing CMYK percentages from area to area
on the same paper substrate.
3.4. Bacterial Growth on the PVA Hydrogel and CA Hydrogel
Media. For both PVA hydrogel medium and CA hydrogel
medium the E. coli growth on the paper was confirmed 24 h
Table 2: Survival rate of E. coli on PVA andCA hydrogel media after
24 h.
PVA hydrogel CA hydrogel
Number of areas measured 80 80
Mean number of colonies per
area 6.78 5.73
95% confidence intervals of
number of colonies per area 0.27 0.22
Survival rate (%) 67.1 90.4
Contamination rate (%) 26.3 7. 7
after inoculation. The counted number of colonies is listed
in Table 2. The average number (95% confidence intervals)
of colonies per hydrophilic area was found to be comparable
for both hydrogels, with a slightly higher number for PVA
hydrogel. This low deviation suggests that liquids containing
E. coli cells could be dispensed evenly and regularly onto a
culture medium. E. coli cells on each media are shown in
Figure 12.
The results showed that PVA and CA hydrogels could be
printed by using SCS andMCS printers on paper. In addition,
living E. coli cells could be printed and survived the printing
process. SA is a polysaccharide which is indigestible for most
organisms so that microbial growth does not affect the gel
used, meaning that CA hydrogel media maintain the stable
quality [29]. The survival rate of the CA hydrogel was higher
than that of the PVA hydrogel which exhibits an acidic pH
[17, 18]. In our experiment, the pH of the PVA hydrogel was
6.0 and for the CA hydrogel the pH was 7.0.
Both printing systems have their own advantages and
can be used complementary depending on the desired
application. The results showed that the SCS printer has
higher accuracy in positioning the printing location and
dispensing stable amounts of inks. On the other hand, the
MCS printer is less time consuming and it is easier to achieve
various compositions of medium components by means of
simple CMYK color adjustment. Summarizing, the system
we developed in the present work provides a low-cost, easy-
to-use, efficient means for bacterial culture. Essentially we
modified an inkjet printer to function as a dispensing device
and clean bench and paper were used as a container for
the culture media. An actual productive unit based on the
techniques developed can be realized as sketched in Figure 13
which shows the possible schematics of a future system for
efficient bioassay.
4. Conclusion
In this study, we combined inkjet printing and paper tech-
nologies for creating a prototype of an automated and simple
to operate bacterial culture system. PVA hydrogel, formed by
spontaneous physical aggregation of PVA and ADH aqueous
solutions, was applied as a culture medium. In the same
way, CA hydrogel formed by chemical reaction between SA
solution and CaCl
2
solution. We used two different kind
of printers, namely, a single cartridge SCS printer and a
multicartridge MCS printer to dispense the culture media
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Figure 12: E. coli colonies growing on PVA hydrogel medium (a) and SA medium (b) after 6 h.
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Figure 13: Bioassay system using inkjet printing and paper substrate.
and bacterial suspension. The SCS printer showed on the
expense of processing speed a high accuracy in positioning of
the printing location and provided an accurate overprinting.
On the other hand, the MCS printer had a larger margin of
accuracy error in the time sequence; however, it achieved fast
printing at low cost simply by outputting CMYK values each
based on the demanded amounts of a SA solution, CaCl
2
solution, and nutrients. In addition, the SCS printer allows
a very accurate inoculation of the bacteria onto the medium
using accurate overprinting. The CA hydrogel medium had
a higher survival rate of bacteria and lower contamination
rate compared to PVA hydrogel medium. In summary, we
demonstrated that PVA hydrogel and CA hydrogel were an
easy-to-use medium for inkjet printing.
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